Abstract Considerable attention has focused on the climatic effects of global climate change on biodiversity, but few analyses and no broad assessments have evaluated effects of sea-level rise on biodiversity. Taking advantage of new maps of marine intrusion under scenarios of 1 and 6 m sea-level rise, we calculated areal losses for all terrestrial ecoregions globally, with areal losses for particular ecoregions ranging from nil to complete. Marine intrusion is a global phenomenon, but its effects are most prominent in Southeast Asia and nearby islands, eastern North America, northeastern South America, and western Alaska. Making assumptions regarding faunal responses to reduced distributional areas of species endemic to ecoregions, we estimated likely numbers of extinctions caused by sealevel rise, and found that marine-intrusion-caused extinctions of narrow endemics are likely to be most prominent in northeastern South America, although anticipated extinctions in smaller numbers are scattered worldwide. This assessment serves as a complement to recent estimates of losses owing to changing climatic conditions, considering a dimension of biodiversity consequences of climate change that has not previously been taken into account.
Introduction
Considerable attention has focused on the biodiversity consequences of global climate change (Peters and Darling 1985; Dobson et al. 1989; Lovejoy and Hannah 2005) . In particular, attention has focused on direct effects of changes in climatic conditions on species' abilities to persist in a region-if the climate changes sufficiently that local persistence is not possible, then either movement to track appropriate conditions or extirpation are the only alternatives (Holt 1990 ). The dimensions of biodiversity loss owing to climate change are being outlined to varying degrees of confidence, by both empirical observations of climate change effects (Parmesan 1996; Visser et al. 1998; Parmesan et al. 1999; Pounds et al. 1999; Parmesan and Yohe 2003) and predictions from ecological niche models based on general circulation model (GCM) outputs (Erasmus et al. 2002; Peterson et al. 2002; Thomas et al. 2004a; Araújo et al. 2005; Peterson et al. 2005; Anciães and Peterson 2006) , although interpretation of model results in terms of extinction rates can be complex (Buckley and Roughgarden 2004; Thuiller et al. 2004; Lewis 2006) .
Another important dimension of climate change, however, is that of sea-level rise. The factors contributing to this phenomenon are clearly complex, and future projections can vary quite dramatically; still, best (though perhaps conservative) estimates are on the order of 0.5-1.0 m (Carter et al. 2007) , while others consider the complexity of the projections (Oerlemans et al. 2005) , with some estimates much higher (Bindschadler 1998; Thomas et al. 2004b; Rignot and Kanagaratnam 2006) . Curiously, although considerable reflection and analysis has focused on this theme on the human and economic side (Titus 1990; Mimura 1999; Hitz and Smith 2004; Bosello et al. 2007 ), few analyses have addressed the biodiversity consequences of sea-level change: a few papers have addressed ecosystem adaptation to rising sea-level (McKee et al. 2007 ), one has analyzed likely effects on a single endangered species (LaFever et al. 2007) , and a few analyses have been developed regarding particular regions or taxa (Daniels et al. 1993; Galbraith et al. 2002; Gopal and Chauhan 2006) .
To date, nonetheless, no global assessment has been developed. Such is the purpose of this contribution: to offer a first-pass global assessment of sea-level rise impacts on terrestrial biodiversity (including mangrove forests, which for many vertebrate groups are effectively terrestrial, in spite of their association with nearby marine habitats). We caution at the outset that our inferences are limited by several factors-imprecise estimates of sealevel rise, difficulties in scenario-building at \1 m sea-level rise, and lack of high-resolution data on biodiversity distributions globally, among others. Still, if proper precautions and caveats are considered, a first-order estimate is worth exploring, if only to assess the relative importance of sea-level rise as an additional threat to global biodiversity.
Methods
Sea-level rise scenarios and inundation delineation Sea-level rise over the past century has resulted largely from thermal expansion of the ocean, melting of mountain glaciers, and accelerated discharge of glacial ice from the ice sheets to the ocean (Dyurgerov and Meier 1997) . Among these factors, ice-sheet melt has potential for substantial global impacts. The Greenland Ice Sheet contains a volume of water equivalent to 6 m of sea-level rise, and the West Antarctic Ice Sheet, an unstable ice sheet grounded well below sea level, contains a volume of water equivalent to 5 m of sea-level rise (Bindschadler 1998) . Both are currently showing rapid increases in mass loss that will significantly increase sea level if such losses continue (Thomas et al. 2004a, b; Rignot and Kanagaratnam 2006) . Shepherd and Wingham (2007) summarized recent sea level contributions from the Greenland and Antarctic Ice Sheets, showing a modest but growing component of the current rate of sea-level rise. Otto-Bliesner et al. (2006) indicated that warming and melting of the Greenland Ice Sheet and other circum-Arctic ice fields likely contributed 2.2-3.4 m of sea-level rise during the Last Interglaciation. Overpeck et al. (2006) also indicated that the rate of future melting and related sea-level rise could be faster than widely thought and estimated that sea-level rise from melting of polar ice sheets may reach 4 to [6 m, similar to sea levels of 130,000-127,000 year ago, by the year 2100. In addition, actual flooding process involves levels of high water that can be several meters above mean sea level (Marbaix and Nicholis 2007) . Considering the sea level rises reported in the literature and the effects of tidal and storm surge, potential inundation areas were delineated in this study with two scenarios bracketing the likely range of sea level rises of 1 and 6 m; the vertical resolution of the global digital elevation model prohibits calculations of \1 m.
Geographic information systems (GIS) have been used in previous studies to delineate potentially inundated areas resulting from projected sea-level rise (Dasgupta et al. 2007; LaFever et al. 2007 ). In these analyses, inundation areas are identified if their elevation is below a projected sea-level rise. Although the method is simple, it has two shortcomings. First, water connectivity is not considered when inundation areas are delineated. Some areas, though their elevation is below a projected sea-level rise, should not be inundated if terrain barriers exist between the ocean and the areas. Second, some areas with elevations below the projected sea-level rise are already inland water bodies, and therefore should not be included in calculations of newly inundated areas, although we note that this step may affect our conclusions because some salt-intolerant species may be lost from these areas owing to saltwater intrusion in formerly freshwater systems. Given these two shortcomings, then, the simple methods used to date likely overpredict potential inundation areas.
A new and more robust GIS analysis method developed by Li et al. (2009) was used in this study to overcome the above shortcomings. In the method, cells below a projected sealevel rise are initially flagged. From the flagged cells, only those with connectivity to the ocean are selected. The selected cells are then checked to see whether or not they are part of existing inland water bodies. Only those cells that connect to the ocean and are not presently inland water are designated as inundation cells. The method was implemented as several steps in a GIS raster analysis framework. Details of the method are referred to Li et al. (2009) .
Ecoregion areal loss estimates
The Terrestrial Ecoregions GIS Database and the Terrestrial Ecoregions Base Global Dataset (Olson et al. 2001) were the source of geospatial data showing the global extent of ecoregions, as well as providing data on numbers of endemic species in each ecoregion. Of the many variables calculated and summarized for each of the 827 terrestrial ecoregions by Olson et al. (2001) , we used values for strict endemic species and near-endemic species (summed across all terrestrial vertebrate classes) in this analysis. We converted the vectorformat terrestrial ecoregions coverage into a grid, and estimated ecoregion areal loss resulting from marine intrusion by overlaying it with the 1 and 6 m inundation scenarios grids and performing raster map algebra. Each grid was projected to a global equal area projection (Mollweide) at 1,000 m spatial resolution.
Extinction estimates
The areal reductions of ecoregions can be used to estimate biodiversity losses under certain sets of assumptions-specifically, that species will respond to area available and habitable in predictable ways (MacArthur and Wilson 1967) . The relationship between numbers of species present and area under consideration (species-area relationship, or SAR) has been used extensively for estimates of likely future extinctions in numerous situations (Brooks et al. 1997 (Brooks et al. , 2002 , although not without controversy (see ''Results and discussion''). In its simplest form, the SAR is a steady-state relationship between number of species (S) and area (A) often, although not always (Tjørve 2003) of the form, S = cA z , where c and z are constants estimated empirically.
In applications to calculating species' losses owing to areal reductions, if the present number of species S now is existing in an area A now , which is reduced to A future , and if c and z remain constant (assumed), then the number of species will eventually decrease to a new steady state S future = S now (A future /A now ) z (May and Stumpf 2000; Pimm and Raven 2000) . In the present analyses, we calculated A future and A now as detailed above, and S now was taken as the sum of strict endemics and near endemics from the Terrestrial Ecoregions Base Global Dataset (Olson et al. 2001) . Estimating the constant c is unnecessary for calculating species' losses via area reduction. We estimated z in two different ways: (1) as the overall SAR across all ecoregions globally, and (2) SARs for 3 latitudinal bands (polar, [50°N and [50°S; temperate, 23-50°N and 23-50°S; tropical, 23°S to 23°N) . We calculated S future for each ecosystem under the general z and the latitude-specific z, and estimated confidence intervals for each S future calculation based on z ± (2 9 standard error). We opted not to use Kinzig and Harte's (2000) corrections for endemicity for reasons treated in the ''Results and discussion''.
Results and discussion
Areal loss estimates globally were 0.7% of global land area under 1 m of sea-level rise, and 1.5% of global land area under 6 m of sea-level rise. Proportional losses in ecoregions ranged from 0 tp 100% under both scenarios of sea-level rise, although the higher nature of loss estimates under the 6 m scenario is clear, with ecoregions most affected concentrated in Southeast Asia and associated islands, northeastern South America, eastern North America, and western Alaska (Fig. 1) . Even under a 1 m sea-level rise scenario, 21 ecoregions are expected to lose[50% of their land area, which include 8 mangrove-dominated ecoregions, lowland forest and scrub on 8 islands or island groups, and 5 low-lying continental areas (Peninsular Malaysian peat swamp forests, Orinoco Delta swamp forests, Marajó varzea, Orinoco wetlands, and Esperance mallee; see summary in Appendix). As such, sea-level rise manifested as marine intrusions is expected to have significant effects on terrestrial ecoregions (Figs. 2, 3) .
Areal loss estimates for ecoregions can be translated into estimates of likely numbers of extinctions of endemic and near-endemic taxa. Kinzig and Harte (2000) proposed methods to estimate the fraction of a biota that would be strictly endemic to the lost area. In general, their methods give smaller predictions than those obtained by application of the conventional SAR. However, their methods assume that the shapes of the reduced areas are in a certain sense ''well-behaved.'' In particular, they present as an example of poorly behaved areas long and narrow strips, which is exactly the type of shape that sea-level rise causes. Besides, their methods require that the reduced area is C50% of the original area, a condition not fulfilled in most of the ecoregions analyzed herein. For the global SAR fitting, z was estimated at 0.124 ± 0.015 s.e., although the overall fit was not particularly tight (R 2 = 0.15, N = 827). Of a present standing set of 18,628 endemic or near-endemic species in single ecoregions, this single SAR parameterization yielded a calculated loss of 117 (confidence interval 89-144) species for the 1 m sea-level rise scenario, and 221 (169-272) species for the 6 m scenario.
Splitting SAR regressions into polar, temperate, and tropical subsets, important regional differences were observed. The slope of the SAR (z) was highest in tropical regions (z = 0.199 ± 0.013), intermediate in temperate regions (z = 0.152 ± 0.018), and lowest in polar regions (z = 0.067 ± 0.038). The scatter around these relationships was also reduced (R 2 = 0.45, N = 391; R 2 = 0.24, N = 334; R 2 = 0.04, N = 102; respectively), suggesting that latitudinal effects explain part of the variation in the overall SAR (see also Drakare et al. 2006) . These SAR differences translated into different rates of estimated species loss also: 0 of 35 polar species under both scenarios; 10 (8-13) and 30 (23-37) out of 3,117 species under the 1 and 6 m scenarios in temperate regions, respectively; and 170 (149-191) and 307 (269-344) out of 15,476 species under the 1 and 6 m scenarios in tropical regions, respectively. Overall, then, with the region-specific z estimates, global species losses sum to 181 (157-204) species under the 1 m scenario and 337 (292-381) species under the 6 m scenario, out of 18,628 current species.
The use of SARs for estimating future extinctions has been criticized on a number of grounds (Drakare et al. 2006; Lewis 2006) . (i) The value of z is sometimes taken as a given from other studies, rather than fitted from the data; in this study, we calculated z directly from ecoregion species richness data, and thus custom-fit the SAR to the data at hand. (ii) The value of z is not solely dependent on area, but is also affected by latitude, taxonomic considerations, habitat fragmentation, and other factors. We developed region-specific calculations that yielded dramatically different values of z; given data limitations, it was not feasible to take other considerations (e.g., taxon, range fragmentation) into account. (iii) SAR parameter values may change at different scales, which means that use of the simple equation S future = S now (A future /A now ) z may be flawed, since it is based on assumed constant parameter values across many scales. This criticism is important, as it affects every attempt to use SARs over spatial scales spanning multiple orders of magnitude, and particularly at small areas, where SAR behavior may become erratic (Lomolino 2000) . However, as our dataset has [98% of ecoregion polygons [10 km 2 , the ''small island'' effect is probably not important. Finally (iv) simple deforestation may not be a good surrogate for area loss, since deforested regions often maintain a matrix of habitats, some of which may remain habitable; in our case, area loss is measured directly in terms of projected marine intrusion, without surrogates, so our analyses are less subject to this concern.
However, even with sea-level rise, ecoregions may shrink, disappear, or fragment, but also may invade inland, effectively dispersing and transforming adjacent areas. For example, in regions with shallow slopes, conditions suitable for mangrove growth may develop as inland areas become new shorelines, thus compensating to some degree the losses. To address this consideration, detailed modeling of how the process of sea intrusion creates new conditions as it proceeds, and how ecosystems may or may not invade inland. We have not as-yet attempted such steps, so our results must be considered as preliminary. An additional frustration is that the SAR-based approach only estimates numbers of species likely to be lost, but does not inform regarding which species are likely to be lost. Hence, overall, we believe that our SAR application to assessing species losses resulting from marine intrusion avoids many (if not all) of the common pitfalls reported in the literature. Still, we point out that caution is warranted in interpreting these first explorations of extinction consequences of marine intrusion.
Certainly, both the marine-intrusion scenarios and the biodiversity distribution summaries could be improved significantly. In the former case, improvements are needed to horizontal resolution (from 1 km to, say, 10 m resolution) and vertical resolution (i.e., to resolutions finer than 1 m), and regional anomalies in sea-level rise should be incorporated in marine-intrusion scenarios. In the latter case, moving from crude ecoregion-based summaries to actual species-specific distributional information would considerably improve our estimates. Finally, because some species, such as keystone species, may play more critical roles in maintaining communities than others, categorizing the individual species as to their relative 'importance' in community structuring will clarify the magnitude of secondary effects. Each of these steps is underway, but clearly the global-scale overview will not be available for some time.
In sum, we present a first-pass global summary of likely biodiversity consequences of sea-level rise and marine intrusion caused by climate change. The most realistic scenario of the two we explored for sea-level rise is 1 m, although the 6 m scenario is not outside of the range of possibilities if uncertainties regarding the effects of glacial calving and icesheet loss turn out to be worse than expected (Bindschadler 1998; Thomas et al. 2004b; Rignot and Kanagaratnam 2006) . The losses estimated herein, interestingly, would be largely complementary to those species lost based on climate change per se (i.e., climatic conditions becoming unsuitable for the species), which have been explored in many recent publications (Peterson 2003; Thomas et al. 2004a; Thuiller et al. 2005 Thuiller et al. , 2006 Araújo and Rahbek 2006) . Moreover, our analyses do not take into account second-order effects on biodiversity caused by humans affected by rising sea levels, such as migrations and land use shifts, which may cause yet more negative effects on natural systems.
